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Shear-banding in a lyotropic lamellar phase
Part 1: Time-averaged velocity profiles
Jean-Baptiste Salmon,∗ Se´bastien Manneville, and Annie Colin
Centre de Recherche Paul Pascal, Avenue Schweitzer, 33600 PESSAC, FRANCE
(Dated: November 20, 2018)
Using velocity profile measurements based on dynamic light scattering and coupled to structural
and rheological measurements in a Couette cell, we present evidences for a shear-banding scenario
in the shear flow of the onion texture of a lyotropic lamellar phase. Time-averaged measurements
clearly show the presence of structural shear-banding in the vicinity of a shear-induced transition,
associated to the nucleation and growth of a highly sheared band in the flow. Our experiments also
reveal the presence of slip at the walls of the Couette cell. Using a simple mechanical approach, we
demonstrate that our data confirms the classical assumption of the shear-banding picture, in which
the interface between bands lies at a given stress σ⋆. We also outline the presence of large temporal
fluctuations of the flow field, which are the subject of the second part of this paper [Salmon et al.,
submitted to Phys. Rev. E].
PACS numbers: 83.10.Tv, 47.50.+d, 83.85.Ei
I. INTRODUCTION
A wide class of materials, referred to as complex flu-
ids, exhibit a common feature: when submitted to a shear
stress σ, their flow cannot be described easily as in the
case of simple fluids [1]. Indeed, the flow of simple liquids
is entirely determined by the knowledge of the viscosity
η: when submitted to a shear stress σ far from any hydro-
dynamic instability and after a very short transient, the
velocity profile is linear and characterized by a shear rate
γ˙, given by the linear relation γ˙ = σ/η [2]. In the case
of complex fluids, such a linear relation between σ and γ˙
does not hold any more. In polymeric fluids for instance,
the flow tends to decrease the effective viscosity η =̂ σ/γ˙,
whereas disordered media like emulsions or foams can
resist elastically to a small applied stress but flow plas-
tically under large σ [1]. Such behaviors are due to the
presence of a supramolecular architecture that leads to a
coupling between the structure of the fluid and the flow
[3]. The shear-thinning effect in polymeric fluids for in-
stance, is due to the alignment of the polymer chains
along the flow direction, whereas the crossover between
pasty and fluid states in glassy materials is attributed to
microscopic rearrangements of the structure [4].
In some cases, because of a strong flow–structure cou-
pling, the flow can induce new organizations. In worm-
like micellar systems for instance, a shear flow can in-
duce a nematic phase [5, 6]. In lamellar phases, shear
may induce structures that do no exist at rest, like e.g.
the onion texture [7, 8]. Such Shear-Induced Structures
(SIS) have been observed in a lot of complex fluids, es-
pecially in lyotropic systems [9, 10, 11]. These behav-
iors are generally associated with a spatial structuration
of the fluid: the SIS nucleates at a critical stress or a
critical shear rate and expands in the flow as σ (or γ˙)
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is increased. Since the viscosity of the SIS differs from
that of the original structure, the flow field is assumed to
be composed of two macroscopic bands of different shear
rates. This behavior, generically called shear-banding,
seems to be a universal feature of complex fluids. Its
microscopic origin is not yet clearly understood: the
shear-banding behavior may arise from elastic instabili-
ties [12], from frozen disorder and local plastic events [13]
or from a coupling between shear flow and a phase tran-
sition [14]. Numerous phenomenological descriptions of
shear-banding have emerged during the last decade (see
Refs. [15, 16, 17, 18, 19] and references therein). Those
theoretical approaches have undoubtedly helped to un-
derstand the experiments, while not always providing a
microscopic description of the phenomenon.
Most of experimental works relie on rheological data
and structural measurements. In those experiments,
shear-banding is attributed to the presence of a stress
plateau on the flow curve associated with a structural
change, observed for instance using x-ray diffraction tech-
niques [5, 6, 10] or direct visualizations of birefringence
bands in the flow field [20, 21]. Recently, a few exper-
iments using Nuclear Magnetic Resonance velocimetry
have evidenced the fact that velocity profiles in such sys-
tems may display bands of different shear rates [22, 23].
However, some of these experiments have reported a con-
tradictory picture for the shear-banding instability: it
seems that the observed structural bands do not always
correspond to bands of different shear rates, at least in
a specific wormlike micellar system [24]. More recently,
experiments based on dynamic light scattering velocime-
try performed in our group have revealed a classical
shear-banding phenomenology in another wormlike mi-
cellar system [25]. Therefore, more experimental data
are needed to fully understand the spatial structuration
of the flow field in the general SIS and shear-banding
phenomenon.
The aim of this paper is to perform an extensive study
of shear-banding in a specific complex fluid, a lyotropic
2lamellar phase. This system is known to exhibit a shear-
induced transition, called the layering transition, be-
tween two different textures of the phase [26, 27]. In
the present article, we present time-averaged velocimetry
measurements performed simultaneously to structural
measurements using respectively dynamic and static light
scattering techniques.
This paper is organized as follows. In Sec. II, we briefly
describe the system under study and the experimental
setup allowing us to measure both the structure of the
fluid and its rheological behavior. In Sec. III, we present
the experimental setup for measuring velocity profiles in
a Couette flow [28]. Sec. IV describes the experiments
performed at a given temperature (T = 30◦C) and un-
der controlled shear rate. These experiments support
the classical picture of the shear-banding in this particu-
lar system and our data also reveals the presence of wall
slip, which is consistent with the observed shear-banding
scenario. A detailed mechanical analysis based on wall
slip measurements and rheological data is presented in
Sec. V and helps us demonstrate that the classical me-
chanical assumption of shear-banding, in which the inter-
face between the bands is only stable at a given stress,
holds in our experiments. We then briefly summarize our
results in Sec. VI, and emphasize on the puzzling pres-
ence of temporal fluctuations of the flow field near the
shear-induced transition. The study of these temporal
fluctuations are presented in a related paper where the
link with rheochaos is emphasized [29].
II. GLOBAL RHEOLOGY OF THE ONION
TEXTURE NEAR THE LAYERING
TRANSITION
A. Rheology of lyotropic lamellar phases:
the onion texture
Lyotropic systems are composed of surfactant
molecules in a solvent. Because of the chemical duality of
the surfactant molecules (polar head and long hydropho-
bic chain), self-assembled structures at the nanometer
scale are commonly observed [1]. Depending on the range
of concentrations, one can observe different structures:
for instance, long cylinders of some microns long (worm-
like micelles) or infinite surfactant bilayers (membranes).
In the latter case, because of the interactions, the mem-
branes can form periodic stacks, referred to as lamellar
phases and noted Lα, or randomly connected continuous
structures, called sponge phases and noted L3 [30, 31]. In
a lamellar phase, the smectic period d, i.e. the distance
between the bilayers, ranges from a few nanometers up
to 1 µm whereas the thickness δ of the membranes is
2–4 nm. These liquid crystalline phase are locally orga-
nized as a monocrystal of smectic phase. If no specific
treatment is applied, lyotropic lamellar phases contain
at larger length scales (≈ 10 µm) a lot of characteristic
defects: the organization of these defects is called the
texture of the phase.
Since the work of Roux and coworkers, great experi-
mental effort has been devoted to the understanding of
the effect of a shear flow on lamellar phases [7, 8]. A
robust experimental fact has emerged: the shear flow
controls the texture of the phase. For most systems, the
experimental behavior usually observed is as follows. (i)
At very low shear rates (γ˙ ≤ 1 s−1), the membranes tend
to align with the direction of the flow but textural defects
still persist. (ii) Above a critical shear rate of about
γ˙ ≈ 1 s−1, the membranes are wrapped into monodis-
perse multilamellar vesicles called onions and organized
as a disordered close-compact texture. The characteristic
size R of this shear-induced structure (the onion size) is
of the order of a few microns. (iii) At higher shear rates
(≈ 103 s−1), perfectly ordered lamellar phases are recov-
ered [7]. For some specific systems and at intermediate
shear rates, spatial organizations of onions are sometimes
encountered [26, 27].
The complex fluid investigated here corresponds to this
last behavior. It is made of Sodium Dodecyl Sulfate
(SDS) and Octanol (surfactant molecules) in Brine (sol-
vent). At the concentrations considered here (6.5% wt.
SDS, 7.8% wt. Octanol, and 85.7% wt. Brine at 20
g.L−1), a lamellar phase is observed [32]. The smectic pe-
riod d is 15 nm and the bilayers thickness δ is about 2 nm.
For the given range of concentrations, the lamellar phase
is stabilized by undulating interactions [33]. This system
is very sensitive to temperature: for T ≥ TLα–L3 ≈ 35
◦C,
a sponge–lamellar phase mixture appears.
To study the effect of shear flow on this phase, we used
the experimental device sketched in Fig. 1. A rheometer
(TA Instruments AR1000N) and a Couette cell made of
Plexiglas (gap e = 1 mm, inner radius R1 = 24 mm
and height H = 30 mm) allow us to perform rheological
measurements. The rheometer imposes a constant torque
Γ on the axis of the Couette cell which induces a constant
stress σ in the fluid. The rotation speed Ω of the Couette
cell is continuously recorded, from which the shear rate γ˙
can be deduced. A computer-controlled feedback loop on
the applied torque Γ, can also be used to apply a constant
shear rate without any significant temporal fluctuations
(δγ˙/γ˙ ≈ 0.01%). The relations between (σ,γ˙) given by
the rheometer and (Γ,Ω) read:
σ =
R2
1
+R2
2
4piHR2
1
R2
2
Γ , (1)
γ˙ =
R2
1
+R2
2
R2
2
−R2
1
Ω . (2)
Such definitions ensure that (σ,γ˙) correspond to the av-
erage values of the local stress and shear rate in the case
of a Newtonian fluid. Temperature is controlled within
±0.1◦C using a water circulation around the cell. A po-
larized laser beam (He–Ne, λ = 632.8 nm) is directed
through the transparent Couette cell to investigate the ef-
fect of a shear flow on the structure of the fluid. Since the
characteristic sizes of the texture are about 1 µm, well-
defined diffraction patterns are obtained and recorded
3on a Charge-Coupled Device camera (CCD, Cohu). As
shown in Fig. 1, the laser beam crosses the sample twice,
so that two diffraction patterns are recorded; the first
one has an elliptical shape due to the optical refractions
induced by the Couette geometry.
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FIG. 1: Experimental setup. A thermostated plate (not
shown) on top of the cell allows us to avoid evaporation. The
rheometer imposes a constant torque Γ on the axis of the
Couette cell and records its rotation speed Ω. The geome-
try of the Couette cell is: H = 30 mm, R1 = 24 mm, and
R2 = 25 mm, leading to a gap width e = R2 −R1 = 1 mm.
B. The layering transition: stationary state and
rheological chaos
Figure 2(a) shows a typical flow curve obtained on our
lamellar phase at imposed stress or imposed shear rate
for T < Tc ≈ 27
◦C. After a transient phase (at least 10–
30 min), a stationary state is obtained, i.e. σ (γ˙ resp.)
does not vary significantly in time when γ˙ (σ resp.) is
imposed. At low stress, the diffraction patterns are uni-
form rings indicating the presence of a disordered texture
of onions. When σ reaches σc (≈ 15 Pa), six peaks ap-
pear on the ring indicating that the onions get a long
range hexagonal order on layers sliding onto each other
(see Fig. 2) [26, 27]. Those layers lie in the (v, z) plane
normally to the shear gradient direction ∇v. When σ is
increased further, peaks become more contrasted. Note
that the peaks with wave-vectors along the rheometer
axis (qz) are less intense than the others. This is due to
the zig-zag motion of the planes of onions when sliding
onto each other [27]. This shear-induced ordering tran-
sition, called the layering transition, has been observed
in many monodisperse colloidal systems since the pio-
neering work of Ackerson and Pusey [34]. This ordering
transition is associated to a shear-thinning of the fluid,
i.e. the ordering of the colloids causes the decrease of the
viscosity.
More recently, complex dynamical behaviors have been
observed in the vicinity of the layering transition for tem-
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FIG. 2: (a) Typical flow curve of the onion texture. The
diffraction pattern corresponds to the structure under shear.
The gray area indicates the region of the oscillations of the
shear rate at imposed stress for T ≥ Tc ≈ 27
◦C. (b) Shear
diagram σ vs. T . Oscillations of the shear rate at imposed
stress appear for temperature T ≥ Tc ≈ 27
◦C. Shown are
the schematic representations of the disordered and ordered
states. TLα–L3 ≈ 35
◦C in the system under study.
peratures T > Tc ≈ 27
◦C (see Fig. 2) and under con-
trolled stress: the shear rate does not reach a station-
ary value, but sometimes oscillates indefinitely in time
[35, 36]. However, when the shear rate is imposed, no
oscillations are observed and the responses of the shear
stress seem almost stationary. In the stress imposed case,
the shear rate oscillations are characterized by a large
period of about 10 min. Moreover, the dynamics of the
shear rate is correlated to a dynamical structural change:
the fluid oscillates between the disordered and the lay-
ered states. The origin of such surprising dynamics is
not yet understood, but it is now quite clear that it does
not correspond to a simple hydrodynamic or elastic in-
stability. Such a new kind of temporal instability was
coined rheochaos [37, 38]. In a previous work [36], a
detailed study of such dynamics was performed: depend-
ing on the applied stress, several dynamical regimes have
4been found. Using dynamical system theory, a careful
analysis has revealed that the dynamics do not simply
correspond to a low-dimensional chaotic system, proba-
bly because some spatial degrees of freedom are involved.
Moreover, rheological experiments performed with differ-
ent gap widths e support the assumption of a spatial or-
ganization of the flow in the gap [36]. Our idea was that
spatial structures such as bands, that lie in the ∇v di-
rection and oscillates in time, could lead to the observed
dynamics. Therefore, it was essential to measure the lo-
cal velocity rather than the global rotation speed Ω of the
Couette cell.
In the next section, we present the experimental setup
allowing us to perform velocimetry measurements. We
then focus on experiments performed on rheological sta-
tionary states at T = 30◦C and under controlled shear
rate.
III. EXPERIMENTAL SETUP: LOCAL
VELOCIMETRY USING DYNAMIC LIGHT
SCATTERING (DLS)
In order to evidence the possibility of a spatial orga-
nization of the fluid flow near the layering transition, we
have used the experimental setup sketched in Fig. 3 and
described in more details in Ref. [28]. It consists of a clas-
sical heterodyne Dynamic Light Scattering experiment
(DLS) mounted around a rheometer. Local velocity mea-
surements using heterodyne DLS rely on the detection
of the Doppler frequency shift associated with the mo-
tion of the scatterers inside a small scattering volume V
[39, 40, 41, 42, 43]. In classical heterodyne setups, light
scattered by the sample under study is collected along
a direction θi and is made to interfere with a reference
beam. Light resulting from the interference is sent to
a photomultiplier tube (PMT) and the auto-correlation
function C(τ) of the intensity is computed using an elec-
tronic correlator.
When the scattering volume V is submitted to a shear
flow, it can be shown that the correlation function C(τ)
is an oscillating function of the time lag τ modulated
by a slowly decreasing envelope. The frequency of the
oscillations in C(τ) is exactly the Doppler shift q · v,
where q is the scattering wavevector and v is the local
velocity averaged over the size of the scattering volume
V . In the experiments presented here, the imposed angle
θi = 62.5
◦ has been chosen in such a way that the size
of V is about about 50 µm [28]. Figure 4(a) shows a
typical correlation function measured on a sheared latex
suspension. The frequency shift q · v is recovered by
interpolating a portion of C(τ) and looking for the zero
crossings. Errorbars on such measurements are obtained
through the fitting procedure: typical uncertainties are
less than 5 %.
The rheometer sits on a mechanical table whose dis-
placements are controlled by a computer. Three mechan-
ical actuators allow us to move the rheometer in the x, y,
Correlator
PMT

i
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x
y
z
SF
2
BS
SF
1
Laser
FIG. 3: Heterodyne DLS setup. BS denotes a beam splitter,
SF spatial filters, and C the device coupling optical fibers
and used to perform the interference between the scattered
light and the reference beam.
10
1
10
3
−0.3
0
0.3
0.6
C(
τ)
τ  (µs)
(a)
0 0.5 1
0
50
v
(x)
  (m
m.
s−1
)
x  (mm)
(b)
FIG. 4: (a) Experimental heterodyne correlation function (•)
recorded on a latex suspension at γ˙ = 10 s−1. The solid line
corresponds to an interpolation of the heterodyne function
from which the frequency shift q·v is computed. (b) Different
velocity profiles obtained for various applied shear rates, γ˙ =
10 (•), 20 (N), 30 (), and 50 s−1 (H). The solid lines are the
expected velocity profiles for a Newtonian fluid.
and z directions with a precision of 1 µm. Once y is set
so that the incident beam is normal to the cell surface,
velocity profiles are measured by moving the mechanical
table in the x direction by steps of 30 µm.
As discussed in Ref. [28], going from q · v as a func-
tion of the table position to the velocity profile v(x) re-
quires a careful calibration procedure to take into ac-
count the refraction effects due to the Couette cell. Fig-
ure 4(b) presents velocity profiles measured at various
known shear rates during the calibration using a New-
tonian suspension of latex spheres in a water–glycerol
mixture. This simple liquid has the same optical index
(n = 1.35) as the lamellar phase under study. Finally, we
accumulate the correlation functions over 3–5 s so that
5a full velocity profile with a resolution of 30 µm takes
about 3 min to complete.
IV. LOCAL RHEOLOGY OF THE ONION
TEXTURE NEAR THE LAYERING
TRANSITION
A. Global rheology and local velocimetry
To understand the coupling between spatial degrees of
freedom, global rheology and the structural transition,
we first present measurements obtained at T = 30◦C in
the shear rate imposed mode. Well-defined rheological
stationary states are obtained with such a method (see
Sec. II B). We record global rheological data simultane-
ously to the velocity profile measurements. In order to
obtain reproducible experiments, careful rheological pro-
tocols must be used as discussed in Ref. [36]. At the tem-
perature under study (T = 30◦C), we apply a first step
at γ˙ = 5 s−1 during 7200 s. This step of applied shear
rate allows us to begin the experiment with a well-defined
stationary state of disordered onions. We then apply in-
creasing shear rates for 5400 s per step. The increment
between two steps is δγ˙ = 2.5–5 s−1. The smaller value
of δγ˙ is chosen when a fine resolution is needed in the
vicinity of the transition. As shown in Fig. 5(b), the
temporal responses of the shear stress are almost sta-
tionary: small temporal fluctuations (δσ/σ ≈ 1–3%) can
be detected. Note that, in the shear rate imposed mode
the temporal fluctuations of γ˙ are completely negligible
(δγ˙/γ˙ ≈ 0.01%, [see Fig. 5(a)]).
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FIG. 5: T = 30◦C. (a) Applied steps of shear rate. No signif-
icant temporal fluctuations are observed. (b) Corresponding
temporal responses of σ(t). The dotted lines indicate the part
of the time series where the average stress (•) is computed.
Global rheological measurements are displayed in
Fig. 6 and the corresponding diffraction patterns at var-
ious applied shear rates are shown in Figs. 6(a)–(f). For
shear rates below γ˙c ≈ 15 s
−1, diffraction patterns are
uniform rings indicating that the structure of the onions
is disordered [Figs. 6(a)-(b)]. Above γ˙c, six fuzzy peaks
appear on the diffraction ring, indicating the onset of
the layering transition [Fig. 6(c)]. When the shear rate
0 10 20 30 40 50 60
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Shear rate  (s−1)
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FIG. 6: (◦) Stationary flow curve obtained at T = 30◦C under
controlled shear rate. The values (σ,γ˙) are extracted from
the temporal responses displayed in Fig. 5. (•) Effective flow
curve σ vs. γ˙eff. The effective shear rates take into account
the effect of wall slip and are calculated using Eq. (3) (see
Sec. IVB). Corresponding diffraction patterns at γ˙ = 10 (a),
15 (b), 22.5 (c), 26 (d), 30 (e), and 45 s−1 (f). The field of
the CCD camera has been adapted to the pattern size in the
last diffraction pattern.
is further increased, peaks become more and more con-
trasted as can be seen in Figs. 6(d)–(f). The flow curve
does not display any significant discontinuity at the lay-
ering transition: it is rather difficult to locate the var-
ious regions of different structures from the rheological
data alone and without the information inferred from
the diffraction patterns. Significant shear-thinning is ob-
served: η ≈ 2.6 Pa.s at γ˙ = 5 s−1 and η ≈ 0.3 Pa.s at
γ˙ = 60 s−1.
Far below or far above the layering transition, well-
defined profiles are easily measured. But very surpris-
ingly, near the layering transition, the local velocity is
not stationary but displays large temporal fluctuations
while σ only fluctuates within a few percents (see Ref. [29]
for a complete study). The characteristic times of these
fluctuations range from 100 to 1000 s and are of the or-
der of the time needed to obtain a full velocity profile
(2–3 min). Such dynamics prevent us to record well-
defined profiles. To obtain valuable data, we chose to
measure time-averaged velocity profiles: several profiles
were recorded at a given applied shear rate, and later av-
eraged. The typical number of profiles needed to obtain
good statistical estimates of the flow field ranges between
10 and 20. The standard deviations of those estimates
yield the amplitudes of the temporal fluctuations. Fig-
ure 7 displays velocity profiles measured simultaneously
to the flow curve of Fig. 6. Each profile corresponds to an
average over up to 20 measurements. Errorbars represent
the standard deviations of the local velocities. The main
features of these profiles are as follows. (i) Below the lay-
ering transition i.e. for γ˙ ≤ γ˙1 ≈ 15 s
−1, velocity profiles
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FIG. 7: Time-averaged velocity profiles obtained simultane-
ously to the flow curve displayed in Fig. 6. The errorbars
represent the temporal fluctuations of the local velocity (see
text). (a) γ˙ = 5 (◦) and 10 s−1 (△). (b) γ˙ = 15 (◦), and
20 s−1 (△). The dashed line is a guide for the eye in the
highly sheared band and corresponds to a local shear rate
γ˙B ≈ 23 s
−1. (c) γ˙ = 22.5 (◦) and 26 s−1 (△). (d) γ˙ = 37 (◦)
and 53 s−1 (△). For (b)–(d), the dash-dotted line indicates
the weakly sheared band and corresponds to a local shear rate
γ˙A ≈ 7.1 s
−1.
are perfectly stationary. The flow is homogeneous since
the profiles are nearly linear. However, significant wall
slip can be detected: the velocity at the stator does not
vanish at x = e, and the fluid velocity does not reach the
rotor velocity at x = 0. (ii) At γ˙ & γ˙1, a highly sheared
band nucleates at the rotor. The shear rate in this band
is about γ˙B ≈ 23 s
−1 and the other band is sheared at
γ˙A ≈ 7.1 s
−1 [see Fig. 7(b)]. Significant temporal fluctua-
tions are present [29], and important wall slip can still be
measured. (iii) When the shear rate is further increased
up to γ˙ = γ˙2 ≈ 37 s
−1, the highly sheared band covers
the whole gap. The value γ˙A ≈ 7.1 s
−1 of the weakly
sheared band remains almost constant over the coexis-
tence domain (15–37 s−1). (iv) For γ˙ ≥ γ˙2, the flow
becomes homogeneous again. Temporal fluctuations of
the velocity also disappear but the fluid still slips at the
two walls.
Those results show without any ambiguity that the
layering transition can be described by the classical phe-
nomenology of shear-banding. At γ˙ ≤ γ˙1, the flow is
homogeneous and corresponds to a disordered state of
onions, as can be checked from the diffraction patterns.
At γ˙ & γ˙1, velocity profiles display two bands correspond-
ing to two given shear rates γ˙A and γ˙B. At γ˙ & γ˙1, peaks
also appear on the ring. When the shear rate is further
increased up to γ˙2, the width of the highly sheared band
grows as well as the constrast of the peaks on the diffrac-
tion ring. At γ˙ ≥ γ˙2, the flow is homogeneous again and
the contrast of the peaks on the ring is maximal.
Let us recall that the diffraction patterns correspond to
a measure of the structure of the fluid integrated along the
velocity gradient direction∇v (see Fig. 1). Therefore, the
contrast of the peaks on the ring provides an estimate of
the relative proportion of layered vs. disordered onions in
the gap. Thus, the above results clearly point to a picture
of the flow where the highly (weakly resp.) sheared band
corresponds to the layered (disordered resp.) onions. To
our knowledge, this data set brings the first experimental
evidence for both structural shear-banding and banded
flows.
In the next paragraph, we present a detailed analysis of
the slip velocities. We also demonstrate that the correc-
tion due to wall slip allows us to use a mechanical model
to fit the velocity profiles consistently with the classical
picture of shear-banding.
B. Wall slip, effective flow curve and lubricating
layers
1. Effective flow curve
Using the measured velocity profiles, it is easy to de-
fine an effective shear rate in the bulk onion texture by
γ˙eff = (v1 − v2)/e, where v1 (v2 resp.) corresponds to the
velocity of the fluid at x = 0 (x = e resp.) estimated
from the measured velocity profiles. Moreover, in order
to take into account the stress inhomogeneity in the Cou-
ette cell and thus get a quantitative comparison between
this effective shear rate and the global shear rate γ˙ indi-
cated by the rheometer, we define γ˙eff consistently with
Eq. (2) by:
γ˙eff =
R2
1
+R2
2
R1(R1 +R2)
v1 − v2
e
. (3)
Figure 6 presents the effective flow curve σ(γ˙eff) (•) and
the flow curve computed from the values indicated by
the rheometer σ(γ˙) (◦). The effective shear rate allows
us to remove the contribution due to wall slip. When
compared to the global flow curve σ vs. γ˙, the effective
flow curve seems to reveal a stress plateau at a value of
about 16 Pa. This plateau extends from γ˙A ≈ 7 s
−1 to
γ˙B ≈ 25 s
−1. Note that this stress plateau is not perfectly
flat but presents a small slope. We will show in Sec. V
that such a slope is due to the curvature of the Couette
geometry as expected from theoretical models [44].
2. Lubricating layers
To explain the presence of wall slip in complex fluid
flows, one usually considers that thin lubricating layers
are present at the walls of the Couette cell. In emulsions
7for instance, it is well established that wall slip is due to
the presence of highly sheared thin films composed of the
continuous phase only [45]. These films play the role of
lubricating layers: the bulk material is weakly sheared,
whereas the films absorb a part of the viscous stress. In
our case, we can reasonably assume that wall slip is due to
very thin layers composed of water or of a few membranes
lying normally to the velocity gradient direction ∇v. The
resolution of our setup (≈ 50 µm) does not allow us to
measure directly the thicknesses of those layers.
However, in this simple picture, there is no disconti-
nuity of the shear stress inside the gap of the Couette
cell. Because the thicknesses of the lubricating layers are
very small (≈ 100 nm), one can assume that the flow in-
side the films is laminar. Under this assumption, we may
access the thicknesses of the lubricating layers. Indeed,
let us define the slip velocity at the rotor vs1 = v0 − v1
as the difference between the rotor velocity v0 and the
velocity v1 at the rotor, and the slip velocity vs2 = v2
at the stator as the velocity v2 measured at the stator.
vsi/hi then corresponds to the mean shear rate inside the
film of thickness hi (i = 1 for the rotor and i = 2 for the
stator). By assuming that the stress is continuous inside
the gap of the Couette cell, the thicknesses of the layers
are then given by:
hi =
ηfvsi
σi
, (4)
where σi is the shear stress near wall number i and ηf
is the viscosity of the lubricating layers. Note that in
the Couette geometry the local stress is given by σ(r) =
σ1R
2
1
/r2, where σ1 is the stress at the rotor. The values
σi at the walls are linked to σ according to:
σi =
2R2j
R2
1
+R2
2
σ , (5)
where j = 2 (resp. j = 1) when i = 1 (resp. i = 2)
and σ is the global value indicated by the rheometer [see
Eq. (1)].
3. Wall slip and shear-banding
Figure 8(a) presents the slip velocities vsi vs. the global
stress σ, both at the stator (,◦) and at the rotor (,•).
The homogeneous profiles are indicated by squares (,)
and banded flows by circles (◦,•). Figure 8(a) reveals
the three regimes previously observed on both velocity
profiles and diffraction patterns: (i) when σ < σA ≈
15.9 Pa, the velocity profiles are nearly linear and the flow
is only composed of disordered onions. In this region, the
slip velocities vsi slightly increase under increasing stress
σ. (ii) When σA ≤ σ ≤ σB ≈ 17.2 Pa, the nucleation
and growth of the highly sheared band corresponding to
the layered state is associated to a decrease of vsi with σ.
(iii) When σ > σB , the flow is homogeneous again and
the slip velocities vsi slightly increase with σ. Note that
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FIG. 8: (a) Sliding velocities vsi vs. stress σ: vs1 at the rotor
(,•) and vs2 at the stator (,◦). The dotted line indicates
σA = 15.9 Pa and the dash-dotted line σB = 17.2 Pa (see
text). (b) vsi vs. local stress σi. The dotted lines are guide
lines for the homogeneous states. (,) correspond to homo-
geneous velocity profiles and (◦,•) to banded velocity profiles.
the exact values of σA and σB indicating the coexistence
domain will be calculated using Eqs. (15) and (16) in
Sec. V.
Figure 8(b) presents the same slip velocities but plot-
ted against the local stress σi inferred from Eq. (5). It
reveals two important results. (i) When the flow is ho-
mogeneous, the slip velocities at the rotor vs1 and at
the stator vs2 collapse on the same curve when plotted
against the local stresses σ1 and σ2. In other words, vsi
seem to be a unique function of the local stress in the
homogeneous domains, i.e. vsi = f(σi). This feature
is also observed in concentrated colloidal systems where
inertial effects are totally supressed by the osmotic pres-
sure needed to concentrate the colloids [45, 46]. (ii) In
the coexistence domain, i.e. for σA ≤ σ ≤ σB , there is
a large difference between slip velocities at the rotor and
at the stator, even when vsi are plotted against the local
stress σi. This result confirms the observed structura-
tion: wall slip is very different at the two walls because
there are two different fluids inside the gap (the layered
state of onions lies near the rotor whereas the disordered
onions lie near the stator). In the coexistence domain,
the fact that the slip velocity vsi is a unique function of
the local stress σi does not hold anymore. Moreover, our
data clearly indicate that wall slip is larger at the rotor
than at the stator in this domain.
4. Thicknesses of the lubricating layers
Figure 9 presents the thicknesses hi of the lubricat-
ing layers calculated from Eq. (4) and assuming that the
viscosity of the lubricating films is ηf = 10
−3 Pa.s, the
viscosity of water. The thicknesses hi are of the order
of 100–200 nm. Such a value is in good agreement with
other measurements performed in concentrated colloidal
systems [45, 46]. Let us recall that in the case of our
lamellar phase, the smectic period d is 15 nm, so that
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FIG. 9: (a) Thicknesses hi of the sliding layer vs. stress σ: h1
at the rotor (,•) and h2 at the stator (,◦). The dotted line
indicates σA = 15.9 Pa and the dash-dotted line σB = 17.2 Pa
(see text). (b) hi vs. local stress σi. The dotted lines are
guide lines for the homogeneous states. (,) correspond to
homogeneous velocity profiles and (◦,•) to banded velocity
profiles.
it is reasonable to assume that the lubricating layers are
composed of only water or a few membranes (≈ 10), per-
fectly aligned along the walls. In any case, the viscosity
of the film is probably of the order of 10−3 Pa.s.
5. A possible explanation for the origin of lubricating layers
and their variations with σ
In the onion texture, flow can compress the onions by
changing the smectic period d. Such a compression ex-
pells some water from inside the onions and helps to lu-
bricate the flow. This effect has been shown in a lot of
lyotropic lamellar phases using neutron and x-ray diffrac-
tion [26, 47]. In our system, as measured with neutron
scattering, the smectic period changes sligthly over the
range of γ˙ under study [26]. If we assume that the ex-
pelled water can also migrate from the bulk material to
the walls in order to lubricate the flow, the quantity
h1 + h2 is then proportional to the volume of water in
the lubricating layers. Figure 10 presents h1 + h2 vs.
σ. Again, the three regions of the shear-banding phe-
nomenology can be clearly identified from Fig. 10. At
low applied stress, the quantity of water at the walls in-
creases under increasing stress. This confirms the as-
sumption that the viscous stress compresses the onions
and expells some water. At intermediate stress, in the
coexistence domain, the volume of water decreases while
the width of the highly sheared band grows in the gap of
the Couette cell.
Such a result may be simply explained if one consid-
ers that some water is needed to lubricate the flow be-
tween the layers of ordered onions. Indeed, as suggested
in Ref. [26], the layering of onions is probably associ-
ated with the expulsion of some water from the onions
to lubricate the flow between the layers. The decrease of
h1+h2 could be the signature of a migration of the water
from the walls to the bulk of the highly sheared band.
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FIG. 10: h1 + h2 vs. stress σ. The dotted line indicates
σA = 15.9 Pa and the dash-dotted line σB = 17.2 Pa (see
text). () correspond to homogeneous velocity profiles and
(•) to banded velocity profiles.
At higher stress, when the layered band has invaded the
gap, h1+h2 increases again with the shear stress σ. This
is consistent with the fact that the viscous stress tends
to compress the onions in the homogeneous layered state.
Such a picture, suggested by our experiments and by pre-
vious works [26], is obviously highly hypothetical. Re-
solved x-ray or neutron scattering techniques performed
in the gap of the Couette cell are needed to confirm such
assumptions.
V. A SIMPLE MECHANICAL APPROACH OF
THE SHEAR-BANDING INSTABILITY
A. Local constitutive flow curve
The aim of this section is to determine whether the
classical mechanical picture of the shear-banding instabil-
ity holds in our experiments. In such a picture, the flow
curve is the one sketched in Fig. 11. Two branches, cor-
responding to the two different organizations of onions,
are separated by a coexistence domain. The rheological
behaviors of the two branches are given by σ = fi(γ˙),
where i = 1 (i = 2 resp.) stands for the disordered
(layered resp.) state of onions. In the simple picture of
shear-banding, one generally assumes that the flow field
can separate between bands of different structures, whose
local rheological behaviors are given by σ = fi(γ˙). One
also assumes that the interfaces between the bands are
only stable at a critical stress σ⋆. When the shear rate
is imposed in a geometry where stress is homogeneous
(e.g. a cone-and-plate geometry), such an assumption
leads to a stress plateau on the flow curve at σ⋆ [44].
On the plateau, velocity profiles display bands of shear
rates γ˙A and γ˙B. The following equation relates the im-
posed global shear rate to the proportion of bands locally
sheared at γ˙A and γ˙B:
γ˙ = αγ˙A + (1− α)γ˙B , (6)
where α is the volume fraction of bands sheared at γ˙A. In
stress-controlled experiments, the plateau cannot be seen
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FIG. 11: Local constitutive flow curve of the layering transi-
tion. Two branches corresponding to the two different struc-
tures of onions are separated by a stress plateau at σ⋆. The
interface between bands of different shear rates γ˙A and γ˙B is
stable at a unique stress σ⋆. The highly sheared band nucle-
ates at point A and invades the gap up to point B where the
flow becomes homogeneous again.
anymore and one observes a discontinuous jump between
γ˙A and γ˙B when the stress is sligthly increased above
σ⋆. In the next paragraph, we adresss the validity of the
assumption that interfaces lie at a critical stress σ⋆.
B. Width of the highly sheared band in the
Couette geometry
In the Couette geometry, the stress is not homogeneous
inside the gap of the cell and the simple analysis pre-
sented above does not hold anymore. Indeed, the local
stress σ(r), where r is the radial position in the flow, is
given by:
σ(r) =
Γ
2piHr2
= σ1
R2
1
r2
, (7)
where Γ is the imposed torque and σ1 = Γ/(2piHR
2
1
)
is the stress at the rotor. The shear-banding scenario
then leads to a picture with only two bands: one sheared
at γ˙A and one sheared at γ˙B. If one considers that the
interface between bands is only stable at a given stress
σ⋆, one easily calculates the width δ of the highly sheared
band:
δ = R1
(√
σ1
σ⋆
− 1
)
. (8)
Such a relation shows that the stress should increase
slightly along the coexistence domain. Indeed, when en-
tering the coexistence region, i.e. when δ = 0, one finds
σ1 = σ
⋆, and when the highly sheared band has invaded
the gap, δ = e and σ1 = (R2/R1)
2σ⋆. This means that,
in the Couette geometry, the plateau is not perfectly flat
and presents a slope (R2/R1)
2 − 1 ≈ 2e/R1 due to the
stress inhomogeneity [44].
Our velocimetry measurements easily yield the width δ
of the highly sheared band. Figure 12 displays the mea-
sured δ vs. the measured stationary stress at the rotor σ1.
We have also added on this figure the theoretical relation
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FIG. 12: Width δ of the highly sheared band vs. σ1 the
stress at the rotor. The dashed line corresponds to Eq. (8)
with σ⋆ = 16.5 Pa.
of Eq. (8) with σ⋆ = 16.5 Pa, which yields a satisfactory
agreement with the experimental data. This seems to in-
dicate that the stability criterion for the interface holds
in our experiments with σ⋆ = 16.5 Pa. However, our
data presents relatively large errorbars on the measured
δ. To proceed further in the analysis and to confirm the
mechanical picture of the shear-banding instability, one
should now try to fit all the measured velocity profiles
from the knowledge of the flow curve.
C. Procedure for fitting the velocity profiles
Our fitting procedure relies on the following relations:
σ(r) =
Γ
2piHr2
, (9)
γ˙(r) = r
∂
∂r
(v
r
)
. (10)
In order to compute velocity profiles from Eqs. (9) and
(10), we first have to determine the rheological laws link-
ing the local stress σ(r) and the local shear rate γ˙(r).
1. Rheological behaviors of the homogeneous branches
Figure 13 presents the effective flow curve σ(γ˙eff) mea-
sured in our experiment at T = 30◦C and under con-
trolled shear rate. We have fitted the two branches
corresponding to the two homogeneous states: (i) for
γ˙ ≤ 6 s−1 (disordered onions) by a shear-thinning be-
havior σ = f1(γ˙) = Aγ˙
n with A = 11.49 and n = 0.17;
(ii) and for γ˙ ≥ 30 s−1 (layered state) by a Bingham
fluid σ = f2(γ˙) = σ0 + ηγ˙ with σ0 = 15.19 Pa and
10
η = 0.06 Pa.s. The resulting fits are presented in Fig. 13.
Since the flow field is homogeneous on these branches,
such behaviors fitted from the effective flow curve, i.e.
after contributions due to wall slip are removed, repre-
sent the local rheological behavior σ vs. γ˙.
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FIG. 13: (•) Effective flow curve σ vs. γ˙eff displayed in Fig. 6.
The dash-dotted line is the best fit of the low sheared branch
(γ˙ ≤ 6 s−1) using a shear-thinning behavior σ = Aγ˙n with
A = 11.49 and n = 0.17. The dashed line is the best fit of the
highly sheared branch (γ˙ ≥ 30 s−1) according to a Bingham
behavior σ = σ0 + ηγ˙ with σ0 = 15.19 Pa and η = 0.06 Pa.s.
The continuous line is computed from Eqs. (11)–(14) with
σ⋆ = 16.5 Pa.
2. Equations for the theoretical flow curve and the velocity
profiles
Let us now assume that the interface between the
bands lies at a unique stress σ⋆ and let us consider a
given torque Γ. From Γ and Eq. (9), we get the local
stress σ(r). If σ(r) < σ⋆ everywhere in the gap of the
Couette cell, the flow is homogeneous and composed of
the disordered onions, whereas if σ(r) > σ⋆ everywhere,
the flow is also homogeneous but composed of the lay-
ered state of onions. Moreover, the local shear rate γ˙(r)
is given by Eq. (10), so that in both cases, the veloc-
ity profiles are given by the following integration of the
rheological behaviors:
v(r)
r
=
v2
R2
+
∫ r
R2
γ˙(u)
u
du , (11)
where γ˙(r) is found by solving:
σ(r) =
Γ
2piHr2
= fi (γ˙(r)) , (12)
and i denotes the considered branch.
When there exists one particular position in the gap
where σ(r) = σ⋆, the flow is inhomogeneous and com-
posed of two different bands. To calculate the resulting
velocity profile, one should separate the previous integra-
tion according to:
v(r)
r
=
v2
R2
+
∫ r
R2
γ˙(u)
u
du for r > R1 + δ and
v(r)
r
=
v(R1 + δ)
R1 + δ
+
∫ r
R1+δ
γ˙(u)
u
du for r < R1 + δ ,
(13)
where δ is given by Eq. (8), and γ˙(r) by:
σ(r) = f1 (γ˙(r)) for r > R1 + δ,
σ(r) = f2 (γ˙(r)) for r < R1 + δ . (14)
The Appendix presents the detailed integration of
Eqs. (11)–(14) for the specific behaviors σ = f1(γ˙) and
σ = f2(γ˙) obtained previously. Note that Eqs. (11)–(14)
require the knowledge of vs2 = v2 for the arbitrary torque
Γ. Thus, to compute vs2 at any value of Γ, we first inter-
polate the data vsi vs. σ displayed in Fig. 8(a).
For each value of Γ, i.e. for each value of σ indicated
by the rheometer [see Eq. (1)], one can calculate a the-
oretical velocity profile v(x) using the fitting procedure
detailed above. One can then calculate the correspond-
ing effective shear rate γ˙eff using Eq. (3). Such a proce-
dure allows us to compute a theoretical flow curve σ vs.
γ˙eff. This theoretical flow curve is displayed in Fig. 13
for comparison with the measured rheological data. The
coexistence domain is well reproduced by this theoret-
ical effective flow curve, namely the slope of the stress
plateau. This good agreement confirms the assumption
that the interface between the bands lies at a given value
of the stress σ⋆. Note that the value σ⋆ = 16.5 Pa is the
only free parameter of the fitting procedure. The value of
σ⋆ also yields the value of the stress σA (σB resp.) at the
entrance (at the end resp.) of the coexistence domain:
σA =
R2
1
+R2
2
2R2
2
σ⋆ ≈ 15.9 Pa , (15)
σB =
R2
1
+R2
2
2R2
1
σ⋆ ≈ 17.2 Pa . (16)
The above values of σA and σB are those displayed in
Fig. 8, 9 and 10 to visualize the coexistence domain.
For each value of Γ and thus for each theoretical ve-
locity profile, one can also calculate the shear rate γ˙ in-
dicated by the rheometer. Indeed, it is easy to deter-
mine the rotor velocity from v(x) and from the values
of vs1 displayed in Fig. 8(b): v0 = v(x = 0) + vs1. γ˙
is then given by Eq. (2). From the calculated velocity
profiles, we extracted those corresponding to the shear
rates applied in our experiments. Figure 14 shows these
theoretical fits v(x) and the corresponding experimen-
tal velocity profiles. Again, the good agreement indi-
cates that the stability criterion for the interface holds
in our experiments. Such an agreement also confirms the
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observed shear-banding phenomenology and more pre-
cisely, the fact that near the layering transition, the flow
is composed of two different bands characterized by two
different rheological behaviors.
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FIG. 14: Time-averaged velocity profiles displayed in Fig. 7.
γ˙ = 5 (◦) and 10 s−1 (△). (b) γ˙ = 15 (◦), and 20 s−1 (△).
(c) γ˙ = 22.5 (◦) and 26 s−1 (△). (d) γ˙ = 37 (◦) and 53 s−1
(△). The errorbars represent the temporal fluctuations of the
local velocity. The continous lines are the theoretical velocity
profiles calculated from Eqs. (11)–(14).
D. Discussion on the validity of the mechanical
approach
In the previous mechanical approach, it is important to
note that to each value of torque Γ and thus to each value
of stress σ, we can associate a unique velocity profile v(x),
and thus a unique shear rate γ˙. This is a direct conse-
quence of the slope of the stress plateau of the flow curve
in the Couette geometry. The uniqueness of γ˙ for a given
σ means that the shear-banding phenomenology is also
expected when the stress is controlled in a Couette ge-
ometry. However, as mentionned in Sec. II B (see Fig. 2),
the responses of the shear rate under controlled stress for
temperatures T ≥ Tc = 27
◦C, are no longer stationary
and present large oscillations in the vicinity of the layer-
ing transition. It is thus obvious that some ingredients
are missing in the mechanical approach detailed previ-
ously to model such dynamics. For temperatures T < Tc,
the responses of the shear rate under controlled stress
are almost stationary and only display relatively small
fluctuations at the layering transition. Our mechanical
approach may thus be fully validated only at T < Tc.
This led us to repeat our experiments at T = 26◦C both
under controlled stress and under controlled shear rate.
Using careful protocols similar to that of Sec. IVA,
we measure the two stationary flow curves displayed in
Fig. 15, as well as the corresponding diffraction pat-
terns. Figure 16 presents the time-averaged velocity
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FIG. 15: Stationary flow curves obtained at T = 26◦C under
controlled stress (◦) and under controlled shear rate (). Cor-
responding diffraction patterns at imposed stress: (a) σ = 12,
(b) 12.5, (c) 12.75, (d) 13, (e) 13.5, and (f) 14.25 Pa. Cor-
responding diffraction patterns at imposed shear rate: (A)
γ˙ = 6, (B) 10, (C) 15, (D) 20, (E) 25, and (F) 30 s−1.
profiles measured simultaneously to the flow curves dis-
played in Fig. 15. These experiments clearly demonstrate
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FIG. 16: Time-averaged velocity profiles measured simulta-
neously to the flow curves displayed in Fig. 15 at T = 26◦C.
The errorbars represent the temporal fluctuations of the lo-
cal velocity. (a) Imposed shear rate: γ˙ = 6 (◦), 10 (△), and
15 s−1 (). (b) Imposed stress: σ = 12 (◦), 12.5 (△), and
13 Pa ().
that the phenomenology of shear-banding, previously ob-
served at T = 30◦C under controlled γ˙, is also recovered
at T = 26◦C both at imposed γ˙ and imposed σ. As
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expected from the mechanical approach, there is no dif-
ference between controlling the stress or the shear rate
in the Couette geometry, as long as the rheological re-
sponses are stationary.
VI. CONCLUSIONS
In this paper, we have presented an extensive study of
a shear-induced transition in a lyotropic system: the lay-
ering transition of the onion texture. Using velocimetry,
structural measurements and rheological data, we have
shown that the classical picture of shear-banding holds
for the layering transition. In this picture, velocity pro-
files display bands in the vicinity of the transition and
the nucleation and growth of the highly sheared band is
associated to the nucleation and growth of the SIS, i.e. of
the layered state of onions. Using the classical mechani-
cal approach [12, 15], in which the interface between the
bands lies at a given value of the stress, we were able
to fit the velocity profiles and the coexistence domain on
the flow curve.
Moreover, our data reveal the presence of strong wall
slip. We have shown that the variations of wall slip with
stress are in good agreement with the shear-banding be-
havior: when the flow is homogeneous, the slip velocity is
a universal function of σ since inertial effects are negligi-
ble, and when the flow displays bands, wall slip presents
a very large dissymmetry at the rotor and at the stator,
probably because the two different textures have different
behaviors at the walls of the Couette cell.
One of the most puzzling features of our results is the
presence of large temporal fluctuations of the flow field in
the coexistence domain. Indeed, velocity profiles display
localized temporal fluctuations reaching up to 20% at the
interface between the two bands. Moreover, the charac-
teristic times of such fluctuations are very long (100–
1000 s), and do not correspond to external mechanical
vibrations of the Couette cell. In the next part of the
paper [29], we analyze these temporal fluctuations and
show that they are probably the signature of rheochaos.
APPENDIX A
In the particular case of the rheogical behaviors ob-
tained in Sec. VC1, i.e. the disordered texture σ = f1(γ˙)
has a shear-thinning behavior σ = Aγ˙n and the layered
state σ = f2(γ˙) is a Bingham fluid σ = σ0+ηγ˙, Eqs. (11)–
(14) read:
(i) if σ(r) < σ⋆, the velocity profile is given by:
v(x) = vs2
r
R2
+ r
n
2
[
Γ
2piHR2
2
A
]1/n [(
R2
r
)2/n
− 1
]
;
(ii) if σ(r) > σ⋆, the flow is also homogeneous and the
velocity profile reads:
v(x) = vs2
r
R2
+ r
Γ
4piH R2
2
η
[(
R2
r
)2
− 1
]
+
r
σ0
η
ln
(
r
R2
)
;
(iii) if there exists r for which σ(r) = σ⋆, the flow displays
two bands, and for R1 + δ < r < R2:
v(x) = vs2
r
R2
+ r
n
2
[
Γ
2piHR2
2
A
]1/n [(
R2
r
)2/n
− 1
]
,
whereas for R1 < r < R1 + δ:
v(x) = r
Γ
4piH (R1 + δ)2 η
[(
R1 + δ
r
)2
− 1
]
+
r
σ0
η
ln
(
r
R1 + δ
)
+
vs2
r
R2
+ r
n
2
[
Γ
2piH R2
2
A
]1/n [(
R2
R1 + δ
)2/n
− 1
]
.
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